In order to deal with the risk of low system stability and unbalanced allocation during water resources management under uncertainties, a risk-averse inexact two-stage stochastic programming model is developed for supporting regional water resources management. Methods of intervalparameter programming and conditional value-at-risk model are introduced into a two-stage stochastic programming framework, thus the developed model can tackle uncertainties described in terms of interval values and probability distributions. In addition, the risk-aversion method was incorporated into the objective function of the water allocation model to reflect the preference of decision makers, such that the trade-off between system economy and extreme expected loss under different water inflows could be analyzed. The proposed model was applied to handle a water resources allocation problem. Several scenarios corresponding to different river inflows and risk levels were examined. The results demonstrated that the model could effectively communicate the interval-format and random uncertainties, and risk aversion into optimization process, and generate inexact solutions that contain a spectrum of water resources allocation options. They could be helpful for seeking cost-effective management strategies under uncertainties. Moreover, it could reflect the decision maker's attitude toward risk aversion, and generate potential options for decision analysis in different system-reliability levels.
INTRODUCTION
Water resources are critical for human survival, and human society would be unable to prosper or even exist without them. The ever-growing conflicting demand for water resources supplies threaten the sustainability of this essential resources recycling. Coupled with rapid increasing water demand, decreasing usable water supplies and poor management have led to inefficient water resources allocation, and the unsustainable use of water resources with significant economic, social, and environmental ramifications. Moreover, in water resources systems, many system parameters and their inter-relationship may appear uncertain. Such uncertainties, that would affect the related exercises for generating desired water resources management schemes, may be caused by the errors in acquired data, variations in spatial and temporal units, and incompleteness or impreciseness of ). Therefore, it is desired that the uncertainties should be considered in water allocation planning programming.
Over the past decades, inexact optimization models have been widely used to tackle uncertainties and complexities in water resources allocation problems, and a majority of them were based on fuzzy, stochastic, and interval-parameter programming (abbreviated as FMP, SMP, and IPP), as well as their combinations (Slowinski et al. ; Wagner et al. ; an interval chance-constraint programming model for water quality management in a Chinese city, which allowed probability distributions and discrete intervals to be incorporated within the optimization process. Jairaj & Vedula () optimized a multi-reservoir system through using a fuzzy mathematical programming method, where uncertainties existing in reservoir inflows were treated as fuzzy sets. Faye the timing and quantity of water release, and climatic conditions were considered. Liu et al. () proposed an interval-parameter chance-constrained fuzzy multi-objective programming model for assisting water pollution control within a sustainable wetland management system, where the proposed approach can effectively handle the uncertainties and complexities in the water pollution control systems. However, in water resources planning practice, when it comes to the violation of some overriding policies, those methods/ models would fail to analyze the economic consequences; also, none of the above methods could facilitate the analysis of various policy scenarios that were associated with different levels of economic penalties when the promised targets were violated in the water resources management process.
Inexact two-stage stochastic programming (ITSP), coupled with two-stage stochastic programming (TSP) and IPP, is an attractive technique to help overcome the above shortcomings. In the ITSP, a decision is first undertaken before values of random variables are known; then, after the random events have happened and their values are known, a second-stage decision can be made in order to minimize 'penalties' that may appear due to any infeasibility (Loucks et most of the models take the system risk as the constraints, and no previous studies were focused on development of riskaversion inexact two-stage stochastic programming (RITSP) method through integrating IPP, TSP, and CVaR into a general framework for water resources allocation management with considering the risk aversion in the system objective.
Therefore, the aim of this study is to develop a RITSP method for water resources allocation management under uncertainty. It is the first attempt where IPP, TSP, and CVaR methods are integrated into a general framework of a maximum benefit objective in the water resources allocation problem under uncertainties presented as interval values and probabilities. A case study will demonstrate the performance of the RITSP method in water resources management systems planning under uncertainty. Furthermore, it will be shown how it can be used to generate water allocation policies under a given risk level, as well as to determine which designs can most efficiently lead to the optimized system objectives.
METHODOLOGY
An RITSP model was based on IPP, CVaR model, and TSP. Figure 1 
Two-stage stochastic programming
Consider a typical water resources management system in a region, where a water resources manager is responsible for allocation of limited water to multiple competing users during a planning horizon. The water manager needs to promise each user an allocation target in the management process, which can help the water users make their generation plans. If the promised water is delivered, it will result in net benefit to the local economy and drive the regional industry development; however, if the promised water is not delivered, the benefit will be reduced, due to the curtailed demand and the imposed penalty. Since the amount of available water is random, this water allocation problem can be formulated as a two-stage stochastic programming with the objective of maximizing the expected value of economic activity in the region.
The general form of TSP problems read: 
where f is the system benefit, x is the first-stage decision of water allocation made before the random variable ω is observed (ω ∈ Ω), and c is the benefit coefficients of first-stage variable x in the objective function; a is the technical coefficients, b is right-hand side coefficients,
and Q x, ω ð Þ is the optimal value of the following nonlinear programming:
where y is the second-stage adaptive decision, which depends on the realization of the random variable. 
For each realization of random variable ω h , a secondstage decision is made, which is denoted by y h . The second-stage optimization problem can be rewritten as: 
Risk-averse two-stage stochastic programming
In the TSP, the first-stage decisions are deterministic and the second-stage decisions are allowed to depend on the elemen- :
In this approach, λ is a nonnegative trade-off coefficient representing the exchange rate of mean benefit for risk, and also refers to it as a risk coefficient, which is specified by decision makers according to their risk preferences. Usually, when typical dispersion statistics, such as variance, are used as risk measures, the mean-risk approach may lead to inferior solutions. In order to remedy this drawback, models with alternative asymmetric risk measures, such as downside risk measures, have been proposed (Ogryczak & Ruszczyń ski ), and conditional value-at-risk (CVaR) measure which is based on the value-at-risk (VaR) was widely applied in many areas to downside risk measures among the popular risk-aversion methods.
VaR is a measure computed as the maximum profit value (e.g., z) such that the probability of the profit being lower than or equal to this value (e.g., l ) is lower than or equal to 1 À α:
CVaR at level α, in a simple way, is defined as follows
VaR has the additional difficulty, for stochastic problems, that it requires the use of binary variables for its modeling. Instead, computation of CVaR does not require the use of binary variables and it can be modeled by the simple use of linear constraints. The concept of CVaR is illustrated in Figure 2 . CVaR(z) is the conditional expected value not exceeding the value under the confidence level α. The CVaR at the confidence level α is given by:
where ξ is an auxiliary variable, which is the maximum value at the cumulative probability α.
Thus, Model (6) can be redefined as:
In addition, (10) can be reformed as the following linear programming problem:
Risk-averse inexact two-stage stochastic programming
However, in water resources optimization problems, uncertainty presented as interval numbers is more straightforward than probability density functions (PDFs) due to the poor quality of information that can be obtained (Li et al. ) . Thus, by introducing the interval parameter programming to quantify those uncertainties presented in terms of interval values, Model (11) can be transformed into the following RITSP model:
x ± ! 0 (12f)
and R ± f g denotes a set of interval parameters and/or variables; superscript '±' means interval-valued feature; the '-' and 'þ' superscripts represent lower and upper bounds of an interval parameter/variable, respectively.
Solution of the RITSP model
Model (12) can be transformed into two deterministic submodels that correspond to the lower and upper bounds of desired objective function value. This transformation process is based on an interactive algorithm, which is different from the best/worst case analysis (Huang et al. ) . The objective function value corresponding to f þ is desired first because the objective is to maximize net system benefit. The sub-model to find f þ can be first formulated as follows (assume that c ± ! 0, A ± ! 0, and b ± ! 0):
subject to
where μ and y À h are decision variables. The optimal f þ opt , μ opt and y À h opt would be obtained through solving the Submodel (13), and
Þis the optimized first-stage variable, which may correspond to the optimized upperbound objective function value. Based on the above solutions, the second submodel for f À can be formulated as follows:
Solutions of y þ opt can be obtained through Submodel (14). Through integrating solutions of Submodels (13) and (14), interval solution for Model (12) can be obtained as follows:
CASE STUDY
A case study of regional water management is then provided for demonstrating applicability of the developed method. In the water resources system, a water manager is responsible for allocating the limited water resources to support the regional municipality, industrial and agricultural development. In the study region, agriculture and industry are the dominant activities and the agricultural irrigation and industrial consumption accounts for more than 75% of the total water demands to promote the development of the regional economy; 20-25% of the total water consumption is used for drinking, cleaning, and other municipal purposes.
The main elements of the problem involve the water resource availabilities, the water demands to satisfy current and potential future needs, and the water transportation systems. With less water available, the management of water resources is becoming more complex in order to satisfy all users, and existing public institutions lack the capacity and structure to properly deal with the situation. Since local economic development relies heavily on the availability of the water supply, the adaptive strategies to water shortage crises are of high importance to local government. Moreover, in water resources systems, the manager wants to obtain different options for water supply, and select the option or combination of options that provide the necessary amount of water in the most cost-effective manner while taking into account technical and social criteria. From an economic point of view, all users need to know how much water they can expect to obtain during the planning horizon in order to establish and make plans for rational production. However, a variety of complexities exist in the study problem.
On the one hand, the hydrologic cycle is basically dependent Thus, the manager needs to create a plan to effectively allocate the uncertain supply of water to the three users in order to maximize the overall system benefit while simultaneously considering the uncertainties in the system. In addition, based on the regional water management policies, an allowable flow level to each user must be regulated. If the promised water amount is delivered, the net benefit will be generated. However, if the promised water amount is not delivered, either the water must be obtained from higher price alternatives or the supply must be decreased by reducing the scale of production to fill the so-called deviation, causing economic losses (Li et al. , ) . Moreover, the existence of multiple uncertainties associated with the water resources system will aggravate the risk of system impairment and failure. Therefore, it is desirable that the risk control should be considered in the water allocation planning program. The problem under consideration of the risk of water resources system transforms into how to effectively allocate water to various sectors in order to achieve a maximum benefit assuming a given risk level under uncertainties. To solve such a problem, the proposed RITSP is considered to be a suitable approach for dealing with the study problem:
subject to [constraints of water availability]
[constraints of extreme allocation amounts]
[nonnegative constraints]
where f ± is the net system benefit over the planning horizon ($); i is the index of water users, where i ¼ 1 for municipality, i ¼ 2 for industrial production, and i ¼ 3 for agricultural sector;
h is the index of scenarios where h ¼ 1, 2,…, 7; W ± i is the allocation target of water that is promised to user i; D ± ih is the amount of water deficit by which the water allocation target W ± i is not met in scenario h; NB ± i is the net benefit of user i per unit of water allocated; C ± i is the reduction of net benefit to user i per unit of water not delivered; λ is a nonnegative trade-off coefficient representing the exchange rate of mean benefit for risk; ξ ± α is an auxiliary variable, which is the maximum benefit at the cumulative probability α; α is the confidence level; V ± h is a positive auxiliary variable under scenario h; p h is probability of occurrence for scenario h; q ± h is the available water resources in scenario h; W ± i max is the minimum allowable allocation amount for user i. (16), if W ± i are considered as uncertain inputs, the existing methods for solving inexact linear programming problems cannot be used directly. In this study, an optimized set of target values will be identified by having μ i in Model (17) be decision variables. This optimized set will correspond to the highest possible system benefit under the uncertain water allocation targets. Accord-
For Model
½ . μ i are decision variables that are used for identifying an optimized set of target values W ± i in order to support the related policy analyses (Huang & Loucks ) . For example, when W ± i approach their upper bounds (i.e., when u i ¼ 1), a relatively high benefit would be obtained if the water demands are satisfied; however, a high penalty may have to be paid when the promised water is not delivered. Conversely, when W ± i reach their lower bounds (i.e., when u i ¼ 0), we may have a lower cost and a higher risk of violating the promised targets. Therefore, by introducing decision variables u i , and according to Huang & Loucks () , the model can be transformed into two deterministic submodels based on an interactive algorithm. Since the objective is to maximize the net system benefit, the submodel corresponding to upper-bound objective function value ( f þ ) is first desired. Thus, we have:
where f þ opt , D À ihopt , and u iopt are solutions of the Submodels (17). Solution for f þ provides the extreme upper bound of system benefit under uncertain inputs. Then, the optimized water allocation targets would be W i opt ¼ W À i þ ΔW kt u i opt . Consequently, the submodel corresponding to the lower bound of the objective function value (i.e., f À ) is:
where f À opt and D þ it opt are solutions of the Submodels (18). Thus, the solutions for Model (16) under the optimized targets can be obtained through incorporating the solutions of the two submodels. , ). Since uncertainties exist in the system components, water allocation targets and economic data are expressed as intervals format. Let W þ i be the quantity of water that is promised to each user i. If this water is delivered, the resulting net benefit to the local economy per unit of water allocated is estimated to be NB ± i . However, if the promised water is not delivered, either water must be obtained from alternative and more expensive sources, or demand must be curtailed by reduced production and/or increased recycling within the industrial concern, or by reduced irrigation in the agricultural sector. This results in a reduction of net benefit to user i of C ± i per unit of water not delivered (C ± i > NB ± i ). In addition, in the water resources system, the total amount of water available has that, if λ value is over 0.6, the solutions of optimal water allocation targets and water shortage amounts are the same as the one obtained under λ ¼ 0.6. Therefore, in order to reflect the variation trend of allocation policies by changing the value of λ, the λ value is set between 0 and 1.
Uncertainties exist in many of the system components (provided as intervals for water allocation targets and economic data, as well as distribution information for the total water availability). The problems under consideration include: (1) how to suitably allocate water flows to achieve a maximized system benefit; (2) how to identify desired water allocation policies under different risk levels; and (3) how to seek cost-effective water resources management strategies under complex uncertainties. The developed RITSP is considered to be a suitable approach for dealing with these problems. 0, 0.1, and 0.2) , and 3.20 × 10 6 m 3 (the value of λ is from 0.3 to 1.0). Generally, water resources would first be allocated to the municipal sector, followed by the industrial and agricultural sectors. For example, the optimized allocation target for the municipality over the planning horizon would be close to its maximum value under different α and λ levels. This is because the municipality could bring about the highest benefit when its demand is satisfied; thus, the manager would have to promise larger amounts to it to achieve a maximized system benefit. The optimized allocation target for the agricultural sector would reach its minimum value under demanding conditions since this user is associated with the lowest benefit. In comparison, the optimized water allocation target for industry would fluctuate within its minimum and maximum values as α and λ levels are varied; the benefit from industry lies between the profits from the municipality and agriculture.
RESULT ANALYSIS AND DISCUSSION
Moreover, the water allocation targets would decrease with increment of the λ levels, especially in a high confidence level. For example, when α ¼ 0.99, the water allocation targets for industry would be 5.40 × 10 6 m 3 (λ ¼ 0), 4.00 × 10 6 m 3 (λ ¼ 0.1), and 3.00 × 10 6 m 3 (the value of λ is from 0.2 to 1.0).
Variations in W ± i could reflect different policies of water resources management under uncertainty. When the water allocation targets reach their lower bounds, the corresponding policy may result in less water shortage and lower economic penalty. Moreover, the upper bounds of W ± i would lead to a strategy with higher allocated targets, resulting in a higher system benefit and a higher risk of penalty when the water inflow is in a lower level. Therefore, different policies in predefining the promised water allocation are associated with different levels of economic benefit and system failure risk.
Tables 4 to 6 present the water deficit (D ± ih ) under different scenarios in the planning horizon. The solutions of D ± ih under the given targets reflect the variations of system conditions caused by inputs of the uncertain parameters.
Generally, the water shortage solutions of the three users and scenarios can be similarly interpreted based on the results. As the water flow level increases, the water allocation target would be satisfied, and the water shortage would decrease. For example, when α ¼ 0.90 and λ ¼ 0. This shows that the effect of the risk measure on the modeling outputs could be adjusted by changing the α value.
Generally, a high α value would lead to a lower risk and enhanced system feasibility. The water allocated to the users with higher benefit would decrease, and the water supplied to the users with lower benefit would increase when there is an α value increment with a fixed λ value, in order to reduce the risk of unbalance water allocation caused by the objective of maximum net benefit in water resources system planning and management. under the scenario of λ varying from 0 to 1.0, respectively (as shown in Figure 6(a) ). In addition, first, the values of system net benefit would decrease and then would not respectively (as shown in Figure 7(b) ). It indicated that increasing the value of λ would increase the relative importance of the risk term and also lead to a higher system risk, and the water managers would choose a conservative scheme with a lower system benefit. Moreover, as the value of α increases, the net benefit would decrease. the value of 0.90, 0.95, and 0.99, respectively (Figure 7) .
Thus, increasing the parameter λ and/or the parameter α implies a higher level of risk than the recourse cost and the total positioning profit, which together constitute the expected total benefit; change monotonically as a function of α. Due to the changing trade-off between the expectation and the CVaR criterion, larger λ values provide us with a lower expected benefit and a higher CVaR value. Increasing λ leads to a more risk-averse policy with a lower system benefit and lower expected recourse costs in general. Thus, increasing the parameter λ and/or the parameter α implies a higher level of risk aversion, and water managers would choose a more risk-averse policy that would be a lower water allocation target for each user in order to avoid the risk of water shortage, and a well-balanced water allocation scheme to reduce the risk of conflicts over competition for water resources.
When the λ value is 0, the RITSP model would be an ITSP model for water resources system management under uncertainty. The detailed optimal water targets and water shortage from ITSP are presented in Tables 3-6. Differently from the RITSP model, the ITSP model aims to obtain the maximum benefit in the optimal process of water allocation, and it does not take the risk of model feasibility and reliability into consideration. These limitations could lead to low system stability and unbalanced allocation patterns. For example, when λ value is equal to 0, the water allocation targets of the municipal and industrial sectors would first be satisfied and reach their upper bounds, due to a higher benefit, and the agricultural water allocation target would reach the lower bounds; especially, in the very-low inflow level, water shortage would first occur in the agricultural sector. Moreover, the net benefit of ITSP is higher than that of the RITSP model. This also implies that the system objective of the ITSP model is only to obtain a maximum benefit without regarding risk aversion. In addition, the width of interval net benefit in the RITSP model is narrower than that of the ITSP model. It is indicated that the system benefit relies on the water resources condition, and tends to fluctuate more intensively with the change of available water resources. Through integrating CVaR into the objective of a water resources system management model, managers could obtain a robust and riskless decision.
CONCLUSIONS
In this study, a RITSP model is developed for supporting regional water resources management problems under uncertainty. This method is based on an integration of IPP, CVaR model, and two-stage stochastic programming (TSP). It allows uncertainties presented as both probability distributions and interval values to be incorporated within a general optimization framework. Moreover, the riskaversion method was incorporated into the objective function to reflect the preference of decision makers, such that the trade-off between system economy and extreme expected loss could be analyzed. Then, the developed method has been confirmed through a case study of a water resources allocation problem involving three competing water users. A number of scenarios corresponding to different river inflow and risk levels was examined; the results of the case study suggest that the methodology is applicable to reflecting complexities of water resources management and can be used for providing bases for identifying desired water allocation plans with a maximized system, and reflecting the decision maker's attitude toward risk aversion.
The proposed method could help water resources managers identify desired management policies under various economic considerations. The study results suggested that the proposed approach was also applicable to many other environmental and energy management problems. The system; the selection of a suitable alternative among the obtained interval solutions under different α and λ values is of significant complexity and becomes an extra burden for water resources managers. It is also possible that fuzzy logic could be used instead of λ values to deal with uncertainties in many real-world optimization problems, due to the inherent ambiguity of the fuzzy subsets. Further studies are desired to mitigate these limitations.
